Dynamics of Curved Bistable Reeled Composites by Wu, Chenchen et al.
DYNAMICS OF CURVED BISTABLE REELED COMPOSITES
14th European Conference on Spacecraft Structures,
Materials and Environmental Testing
27-30 September 2016, Toulouse, France
Chenchen Wu(1), Geoffrey Knott(2), and Andrew Viquerat(3)
(1)University of Surrey, GU2 7XH, Guildford, United Kingdom, chenchen.wu@surrey.ac.uk
(2)University of Surrey, GU2 7XH, Guildford, United Kingdom, g.knott@surrey.ac.uk
(3)University of Surrey, GU2 7XH, Guildford, United Kingdom, a.viquerat@surrey.ac.uk
ABSTRACT
The vibration characteristics of cantilevered straight and curved carbon/epoxy bistable reeled com-
posites (BRCs) have been investigated. The tube length, cross-section radius, subtending angle, lon-
gitudinal curvature and number of plies - design parameters were investigated for their effects on the
vibration modes.
The boom length affects the frequency the most, which is found to be inversely proportional to the
square of boom length, in addition to ABAQUS simulation results showing that frequency is propor-
tional to curvature.
Short, three-ply carbon/epoxy samples were manufactured and tested. A regime change from short
(48.5cm) to slender (≈150cm) tubes was observed, signified by curved tubes exhibiting higher vibra-
tion modes in a particular plane than the straight ones in simulation - highlighting the scalability of
curved BRC applications.
Recommendations for the upcoming CleanSpace One, EPFL space mission which uses curved tubes
for its capture mechanism, are discussed. Dynamic stability analysis was performed by simulating
increasing rotary accelerations, causing the cantilevered BRCs attached to a spacecraft to rotate. A
failure point derived from the Budiansky-Hutchinson criterion was developed to determine the maxi-
mum rotation acceleration - the critical value by which the tube loses stability.
1. INTRODUCTION
Bistable reeled composites (BRCs) are slit tubes which can be flattened and rolled up into a stable and
compact coil. Traditionally, investigations have focussed on curved isotropic strips [1] and straight
BRCs [2, 3, 4, 5, 6, 7, 8, 9] - one of the three main types of BRC identified in Fig. 1(a). Given the
potential space mission applications of straight BRCs e.g. solar sailing, solar arrays [10, 11] and
upcoming InflateSail [12], the authors are motivated by potential uses of curved BRCs. Indeed, the
CleanSpace One spacecraft currently in development at EPFL [13, 14] will utilise curved tubes for
capturing the SwissCube CubeSat - this space mission application is discussed.
The BRC booms for space applications are compactly stored during the launch phase and extended
after orbital injection. The requirement of reasonably high stiffness of the BRCs to avoid signifi-
cant coupling between the spacecraft’s control system and the deployed structures’ vibration modes
motivates this study of the vibration characteristics of BRCs when they are extended in space.
We consider two main types of curved BRC as categorised by their Gaussian curvature; positively
and negatively curved as illustrated in Figs. 1(b) & 1(c) respectively - the cross-section is labelled
in Fig. 2. Understanding their coiled properties [15] is as important as understanding their deployed
behaviour for the design of appropriate deployment mechanisms.
This work provides an understanding of the dynamic properties of curved BRCs. The mass, volume,
and stiffness of space structures are amongst the main drivers in space mission analysis and design.
(a) Straight BRC (b) Positively curved BRC (c) Negatively curved BRC
Fig. 1: Straight and curved BRCs
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Fig. 2: BRC cross-section. β is the subtending angle, t is the tube thickness, R denotes the initial
radius measured to the midplane of the tube wall, and x-y are the axes of the cross section
These provide the design trade-off considerations of this work and have been investigated predomi-
nantly through finite element simulation with supporting experimental verification using short sam-
ples manufactured from braided carbon biaxial sleevings and epoxy resin. Carbon/polypropylene
(PP) samples were also investigated.
2. SIMULATION TECHNIQUES, MANUFACTURING AND EXPERIMENTAL TEST-
ING
Vibration Simulation
The simulation technique to compute the vibration frequencies of straight BRCs was presented by
the author in previous papers [11, 16]. The same procedures are used herein to determine the natural
frequencies of curved BRCs. A carbon/epoxy model was implemented in the ABAQUS simulation
environment with the material properties given in Tab. 1. Using a linear perturbation approach, the
free vibration frequencies of extended, fixed-free BRCs were computed using the LANCZOS algo-
rithm available within the ABAQUS standard solver [17]. The fibre angle of each ply was defined to
compute the lamina stiffness, ABD-matrix [18].
Larger-strain shell element S4R - as a robust quadrilateral element for general-purpose applications
- was selected to mesh the tube model. The mesh size and deviation factor for each model are set to
0.004m and 0.035, respectively.
Tab. 1: Material properties of ±45◦ half-carbon/epoxy-braid ply [19]
Materials E1
(GPa)
E2
(GPa)
ν12 G12
(GPa)
G13
(GPa)
G23
(GPa)
t
(mm)
ρ
(kg/m3)
±45◦ half-braid ply 66.81 3.705 0.278 2.471 2.471 2.471 0.046 1480
Dynamic Stability Simulation
In order to study the dynamic performance of tubes only, the spacecraft is simplified as a massless
rigid 3D square plate. The contact between the tube and the plate surface is modelled by using
MASTER-SLAVE algorithm in ABAQUS [20] with one end of the tube (slave surface) tied to the rigid
plate (master surface). Displacement of the rigid plate is constrained in three-directions about the
centre but free to rotate with reference to the transverse axis. Four-node reduced integration shell
elements S4R were again adopted. A rotary acceleration about the transverse axis of the deployed
tube is applied at the centre of the plate to induce bending of the tube, simulating the (bang-bang)
spacecraft manoeuvre shown in Fig. 3.
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Fig. 3: Illustration of the simulated spacecraft manoeuvre profile
Manufacturing Process
The process for manufacturing curved bistable composite slit tubes is derived from Fernandez et al.
[10]. Similarly both for carbon/epoxy and carbon/PP, the steps are shown in Fig. 4 as follows:
(a) Wrap carbon braid over wooden slit former to achieve the desired fibre angles
(b) Wrap for at least the length of sample required and ensure uniformity
(c) Layup carbon braid with epoxy or PP
(d) Wrap laminate onto flexible tube former to induce cross-section curvature using shrink wrap
kapton or polyester tape, for epoxy and PP respectively
(e) Curve tube to induce second (longitudinal) curvature
(f) Cure composite in oven for 45 minutes at 90oC, then 90 minutes at 180oC, with a 3oC min−1
temperature ramp for carbon/epoxy
(g) Or, 30 minutes at 210oC for carbon/PP
(a) (b) (c) (d)
(e)
(f) (g)
Fig. 4: Manufacturing process for curved bistable composite slit tubes
Experimental Procedure
Vibration measurements were taken using the setup shown in Fig. 5. A laser provides a contact-
less method to measure displacements of the tube. Several groups of signals for each sample were
collected using the laser technique to improve accuracy of the results.
Efforts were made to ensure a heavy and stable base isolated the tube from floor vibrations which
would interfere with measurement. Furthermore, all movements around the tube were minimised due
to the tubes’ susceptibility to displace from air currents. Measurements were taken perpendicular to
the tube surface so that the laser dot appeared static during oscillation, otherwise, translation of the
laser across the surface would produce inappropriate results.
The diameter of each carbon/epoxy sample in the coiled configuration was measured to investigate
the impacts of introducing curvature to straight BRCs.
(a) Experimental setup (b) Straight BRC
clamped to base
(c) Curved BRC clamped to base with the
laser pointing perpendicular to the tube sur-
face
Fig. 5: Experimental setup to measure vibration properties
3. RESULTS & DISCUSSION
Finite element simulations and some experimental measurements for straight, positively and nega-
tively curved BRCs with different stacking sequences and geometries are presented.
Vibration Characteristics
Representations of the free vibration modes of cantilevered straight and curved BRCs are shown in
Fig. 6. The vibration modes indicate that the first mode of short straight BRCs is torsional, while
curved tubes are more susceptible to lateral or side-to-side vibration given their tendency to twist
under load (see Fig. 6(c) and Fig. 6(e)).
There are multiple variables - and the numerous combinations of these - to explore when studying
curved BRCs. The effects of each - initial; curvature, radius, subtending angle, BRC length and
number of plies - on the vibration modes are presented in Figs. 7–10, respectively. Simulation results
are focussed on the first up-down mode (defined as the y-direction, Fig. 2).
Taking all modes into account, the natural frequency of a curved tube (side-to-side mode) is much
lower than that of an equivalent straight slit tube (torsional mode). However, curved tubes do exhibit
higher natural frequency for the first up-down mode. Therefore, as long as the first vibration mode
(side-to-side) is mitigated or constrained in some way e.g. tensile connectors, the first up-down mode
generally increases with curvature.
Three-ply composite laminates appear to offer an agreeable trade off between natural frequency max-
imisation and tube mass minimisation when comparing two-, three- and four-ply laminates. Dimin-
ishing returns are achieved with increasing number of plies - there is a marginal increase in frequency
between three and four plies which may not justify the mass increase of approximately one third (ap-
parent in Fig. 7 and more clearly in Figs. 8(b) & 8(c) when considering various cross-section radii).
The design step from two to three plies presents the greatest frequency-mass trade. For this reason,
three-ply laminates were manufactured.
Increasing the cross-section radius of tubes is an effective way to increase the natural frequency
of tubes as shown in Fig. 8. For the various laminated curved slit tubes modelled and of radius
exceeding 22mm, the frequency improvements diminish as can be seen in Figs. 8(b) & 8(c). In
(a) Straight BRC up-down mode (b) Straight BRC torsional mode
(c) Positively curved BRC side-to-side mode (d) Positively curved BRC up-down mode
(e) Negatively curved BRC side-to-side mode (f) Negatively curved BRC up-down mode
Fig. 6: Visualisation of vibration modes of straight and curved BRCs
addition, the radius and mass of the tube are linearly proportional (if the subtending angle is kept
constant) representing another significant design consideration between tube natural frequency and
mass.
For the tubes modelled, it is desirable to select tubes of cross-section subtending angle, β ≥ pi because
these correspond to frequencies of around 1.67Hz and higher. In general, it is desirable to maximise
the subtending angle given its linear proportionality to the natural frequency. Selecting subtending
angles below 180o for the samples modelled would decrease the natural frequency to undercut those
inflicted by other design parameters; curvature, cross-section radius and tube arc-length. This is
shown in the range 120o ≤ β ≤ 180o enclosed by the dashed-line at 180o in Fig. 9.
The immediate scalability issue of straight and curved slit tubes is clearly seen in Fig. 10, even when
considering just up-down modes. The natural frequency appears to follow an inverse square law with
the arc-length - the same as cantilevered Euler-Bernoulli beams. Curved tubes suffer the decrease
in natural frequency with length to a lesser extent. This provides some hope yet for larger scale
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Fig. 7: Effects of curvature on the up-down vibration mode of BRCs. Results for R = 10mm, β = pi
and L = pi2 m
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Fig. 8: Effects of initial radius on the vibration characteristics (up-down mode) of straight and curved
BRCs. Results for β = pi , L = pi2 m and curvature = 1m
−1
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Fig. 9: Effects of subtending angle on the vibration characteristics (up-down mode) of straight and
curved BRCs. Results for R = 10mm, L = pi2 m and curvature = 1m
−1
structures where L > pi2 m. In order to select the longest possible tube, the same approach for selecting
the subtending angle is used i.e. the point at which the natural frequency drops below the previously
lowest frequency corresponding to another design parameter. In this case, the slit tubes of L ≈ 1.5m
exhibit frequencies around 1.63-1.73Hz.
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Fig. 10: Effects of BRC length on the vibration characteristics (up-down mode) of straight and curved
BRCs. Results for R = 10mm, β = pi and curvature = 1m−1
Short samples of carbon/epoxy were manufactured and tested for comparison to simulation, presented
in Tab. 2. The lengths and subtending angles were kept constant for all samples (L = 48.5cm) to
decrease the number of variables - the fibre volume fraction, curing pressure and tube curvature are
much harder to control precisely. Torsional modes i.e. twisting induces minimal displacements along
the laser line-of-sight and are difficult to measure experimentally using a single laser. Therefore, only
the presumed-to-be second mode (up-down) is detected for the straight tubes.
Arising discrepancies between experiment and simulation are due to: 1) fibre volume fractions and
void content differing from those simulated; 2) damping due to air; 3) unaccounted and unmitigated
interference during testing; and 4) non-uniform longitudinal curvature due to the current manufac-
turing process as seen in Fig. 4(e). Expanding on this final point, bending a free-free tube causes
maximum bending moment to occur at the centre and therefore the most curvature is imparted at this
point. The ends of the tube (base and tip) remain relatively straight as the moments go to zero. There-
fore, the tubes tested will exhibit higher than predicted frequencies as is the case for the up-down
modes in Tab. 2.
Furthermore, contradictory to the results in Fig. 7 which show that the up-down mode increases with
curvature, the straight tube investigated in Tab. 2 exhibit second (up-down) modes higher than either of
the curved ones. This is likely due to a regime shift between slender (L = pi2 m) and short (L = 48.5cm)
tubes. This shows that curved BRCs lend themselves to scalability for planar-only applications.
Tab. 2: Experimental (exp.) and simulated (sim.) vibration results for samples of R = 16mm, β = pi
and L = 48.5cm. The modes are notated as side-to-side (ss), up-down (updn) and torsional (tor)
Sample Curvature 1st mode 1st mode 2nd mode 2nd mode
(Fibre/resin, curvature) (m−1) (Hz, exp.) (Hz, sim.) (Hz, exp.) (Hz, sim.)
Carbon/epoxy, negatively (-)2.20 7.57 (ss) 8.41 (ss) 23.44 (updn) 21.89 (updn)
Carbon/epoxy, straight 0 - 22.11 (tor) 29.00 (updn) 27.98 (updn)
Carbon/epoxy, positively 1.85 7.37 (ss) 6.65 (ss) 24.36 (updn) 21.79 (updn)
The coiled diameter of the straight and positively curved carbon/epoxy samples are shown in Tab. 3.
The in-extensional model developed by Guest [9] was utilised in this paper to analytically predict the
coiled diameter of the straight sample. There is disparity existing between experimental and analytical
results due to the inevitably imprecise braid angles from manufacturing.
Tab. 3: Experimental (exp.) and analytical (an.) coiled diameter results for samples of R = 16mm, β
= pi and L = 48.5cm
Sample Curvature Coiled diameter Coiled diameter
(Fibre/resin, curvature) (m−1) (mm, exp.) (mm, an.)
Carbon/epoxy, straight 0 33.5 37.6
Carbon/epoxy, positively 1.85 37 25.5
SPACE MISSION APPLICATIONS: CLEANSPACE ONE
An upcoming space mission currently in development is EPFL’s CleanSpace One (CSO) which in-
tends to use deployable curved BRC tubes for a capture mechanism. This satellite aims to preform
an uncooperative rendezvous with a CubeSat already in orbit, SwissCube. The goal is to capture and
return SwissCube to the Earth’s atmosphere for space debris mitigation.
Consider the optimal, curved slit tube for the CleanSpace One capture mechanism. Based on the
system goals, design drivers [13, 14] and the study presented here, the authors propose a three-ply
carbon/epoxy curved BRC tube with R = 10mm, β ≥ pi , L≥ 1.5m and curvature = 1m−1. The natural
frequencies of the curved BRCs tubes are expected to be approximately 1.73Hz. Selecting curved
tubes of greater radius will increase the natural frequency until at R ≈ 22mm when the benefits
gradually decrease given the detrimental mass costs, according to the trend in Fig. 8. Furthermore but
to a lesser extent, increasing the subtending angle will linearly increase the natural frequency.
As seen in Tab. 2, the simulation results of the side-to-side modes appear to be conservative compared
to experiment. In addition, the non-uniformly curved samples manufactured more closely resemble
those envisioned for CSO - non-uniform curvature i.e. straight near the base with the most curvature
at the free end of the tube. This provides some reassurance that the predictions made here are already
conservative before additional design margins and safety factors are considered.
In order to select an optimal design of the CSO tube, the dynamic stability performance of both
positively and negatively curved BRC tubes performing a rotation manoeuvre are investigated. The
Budiansky-Hutchinson [21] criterion formulated for thin-walled shell structures [22] states that the
dynamic instability occurs when the maximum deflection grows rapidly with a small change in the
load amplitude. Similarly, in this study, the same fact is utilised to estimate the critical rotary acceler-
ation value that the BRC tubes can sustain before becoming unstable, where the maximum deforma-
tion in the transverse direction (ξ ) grows rapidly with a small variation of the rotary acceleration. As
shown in Fig. 11, the maximum rotary acceleration that the CSO positively curved tube can sustain is
approximate to be 14 rad s−2 (seen in Fig. 11(a)). The negatively curved tube is approximately 4 rad
s−2 (shown in Fig. 11(b)). Considering the vibration and in-particular dynamic stability performance,
the positively curved tube is recommended for CSO space mission.
4. CONCLUSION
The vibration and dynamic stability of cantilevered straight and curved carbon/epoxy BRCs has been
investigated. All slit tubes suffer a significant torsional stiffness penalty compared to closed-section
tubes in order to enable roll up deployment. With the introduction of curvature for positively and
negatively curved BRCs, the torsional stiffness is decreased further.
In descending order, the up-down vibration frequency appeared to be influenced the most by tube
length, followed by radius, number of plies, subtending angle and finally curvature. Discrepancies
between experiment and simulation are mostly due to a regime change between slender and short
tubes, non-uniform curvature and non-ideal mechanical properties.
Given the dynamic stability analysis, a positively curved BRC tube is proposed for the CleanSpace
One capture mechanism. The vibration characteristics and the MRA of this tube have been presented.
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Fig. 11: The maximum cross-section deformation in the transverse direction (ξ ) versus applied rotary
acceleration. Results are simulated for the CleanSpace One curved BRC tube, R = 10mm, β = pi , L =
pi
2 m, curvature = 1m
−1 rotating through θ = 0 to pi2 radians
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